We can mentally calibrate the directions of our bodily movements into visual coordinate systems to achieve purposeful actions in space. Alternatively, we can apprehend characteristics of the peri-personal space through actions performed by our own body parts. Such interactions between representations of our body motions and extrinsic space should occur in the intraparietal cortices, where the hierarchically processed somatosensory information adjoins the information on spatial vision processed along the dorsal stream. In this brain area of monkeys, we analyzed the response properties of "bimodal joint neurones", which responded simultaneously to forearm joint displacements and visual stimuli moving in one direction in space. For the majority of these neurones, the directions of hand movements in space as a result of adequate joint displacements were congruent with the preferred directions of the moving visual stimuli. When the arm position was rotated, the preferred direction of the joint displacement became inverted so as to match the induced hand movement in space with the preferred visual stimulus direction. On the other hand, in some neurones the visual preferred direction became inverted when the joint was rotated, becoming to match the preferred direction of joint displacement. Hence, intraparietal neurones appear not only to represent mental recalibration of intrinsic movements into extrinsic coordinates, but also render delineation of extrinsic space through intrinsic actions.
INTRAPARIETAL BIMODAL NEURONES DELINEATING EXTRINSIC SPACE THROUGH INTRINSIC ACTIONS
Michio TANAKA 1),2) , Shigeru OBAYASHI 1),2) , 1) Tokyo Medical and Dental University and
2)
Toho University School of Medicine, Japan
Hiroko YOKOCHI
1)
, Sayaka HIHARA 1) , Mari KUMASHIRO 1) , 1) Tokyo Medical and Dental University, Japan,
Yoshiaki IWAMURA
2)
2) Toho University School of Medicine, Japan Toho University School of Medicine, Japan
We can mentally calibrate the directions of our bodily movements into visual coordinate systems to achieve purposeful actions in space. Alternatively, we can apprehend characteristics of the peri-personal space through actions performed by our own body parts. Such interactions between representations of our body motions and extrinsic space should occur in the intraparietal cortices, where the hierarchically processed somatosensory information adjoins the information on spatial vision processed along the dorsal stream. In this brain area of monkeys, we analyzed the response properties of "bimodal joint neurones", which responded simultaneously to forearm joint displacements and visual stimuli moving in one direction in space. For the majority of these neurones, the directions of hand movements in space as a result of adequate joint displacements were congruent with the preferred directions of the moving visual stimuli. When the arm position was rotated, the preferred direction of the joint displacement became inverted so as to match the induced hand movement in space with the preferred visual stimulus direction. On the other hand, in some neurones the visual preferred direction became inverted when the joint was rotated, becoming to match the preferred direction of joint displacement. Hence, intraparietal neurones appear not only to represent mental recalibration of intrinsic movements into extrinsic coordinates, but also render delineation of extrinsic space through intrinsic actions.
When planning and producing purposeful hand actions in space, (e.g., in order to reach, catch, or manipulate distant objects), we rely on an image of moving hands in relation to the environmental visual space in which the location of the object is defined. Thus, intrinsic commands to execute movements should be translated from the image of motions represented in extrinsic reference frames. Alternatively, we can apprehend characteristics of the peri-personal extrinsic space (e.g., coordinate delineations, structural flexure, etc.) by translating experiences of intrinsic sensations that accompany executed body actions. This function comprises an essential component of our internal representation especially at the early stage of postnatal development (Piaget, 1953) . Thus, somewhere in our brain, there should occur bidirectional interactions between representations of our body motions (depicted in intrinsic somatosensory coordinates) and the environmental space (depicted in extrinsic visual coordinates), perhaps under introspective control.
Integration of somatosensory (intrinsic) and visual (extrinsic) information is indispensable for the above interactions. This most likely takes place in the intraparietal cortices where the hierarchically processed somatosensory information (Iwamura, 1998; Iwamura & Tanaka, 1996; Iwamura, Tanaka, & Hikosaka, 1980; Iwamura, Tanaka, & Iriki, 1994; Iwamura, Tanaka, Sakamoto, & Hikosaka, 1993; Taoka, Toda, & Iwamura, 1998; Toda & Taoka, 2002) adjoins the information on spatial vision processed along the dorsal stream (Seltzer & Pandya, 1980; Ungerleider & Mishkin, 1982) . Indeed, in human patients, lesions in this brain area are known to cause impairment of the body schema (Head & Holmes, 1911) , which makes it difficult for the patient to achieve purposeful hand movements in the dark or without seeing, i.e., without visual guidance. A growing number of monkey experiments have reported the existence of "bimodal neurons" that respond to both somatosensory and visual stimuli in the peri-intraparietal cortices including the ventral intraparietal (VIP) area Colby, Duhamel, & Goldberg, 1993; Duhamel, Colby, & Goldberg, 1991 , 1998 , the medial intraparietal (MIP) area Graziano & Gross, 1998; Rizzolatti, Fogassi, & Gallese, 1997) , and the anterior bank of the lateral intraparietal sulcus (Iriki, Tanaka, & Iwamura, 1996b; Iriki, Tanaka, Obayashi, & Iwamura, 2001; Obayashi, Tanaka, & Iriki, 2000) . These studies have indicated that the intraparietal areas are the sites of visuosomatosensory integration. In the majority of these bimodal neurons, the adequate somatosensory stimuli were tactile ones applied to the receptive field (RF) located on the skin of the forearm, whereas adequate visual stimuli were the objects approaching these tactile RFs. Thus, the body images coded by these neurons should have a static nature, such as the location, posture or configuration of the body parts in extrinsic coordinates. However, in order to code the images of the movement of the hand in space, information about joint displacements and visual motion in the environmental space should be integrated. Up to the present, only a few bimodal neurons in the intraparietal cortices were reported to convey joint information (Duhamel et al., , 1998 Leinonen, 1980; Leinonen, Hyvärinen, Nyman, & Linnankoski, 1979; Leinonen & Nyman, 1979) . Hence, the first objective of this study was to systematically describe the receptive field properties of intraparietal bimodal neurones that respond both to forearm joint displacements and to visual stimuli moving in particular directions.
We previously showed that static body images coded by monkey intraparietal bimodal neurones are subject to psychological modifications. Their visual receptive fields extended to the end of the currently using tool in the hand (Iriki et al., 1996b) as if the tool were incorporated into the image of the hand, or visual RFs were formed around the image of a hand on a video monitor (Iriki et al., 2001) as if the self-image were projected onto the monitor, or they were formed over an opaque plate above a hidden invisible hand (Obayashi et al., 2000) as if the monkey had created in its mind an image of the invisible hand. Therefore, if these mental modifications also apply to images of hand movements in space, the bimodal properties of joint neurones should not be just automatically translating motions represented between intrinsic and extrinsic coordinate frames. The second purpose of this study, then, was to find out if these bimodal properties can be modified to match the current posture of the hand in space, thus mentally calibrating the directions of joint movements in the visual space. We also attempted to show if these neurons demonstrate the ability of monkeys to apprehend characteristics of the peripersonal extrinsic space by translating experiences of intrinsic actions, possibly constituting the evolutionary precursor of fundamental internal representations subserving the higher cognitive functions of humans.
METHOD

Subjects:
Nine Japanese monkeys (Macaca fuscata, males: 8, female: 1, 4.0-8.5 kg) were used.
Procedures:
After the monkeys were familiarized with the laboratory environment, the first surgery was performed (under Nembutal anesthesia, 30 mg/kg, i.v.) to install 5 screws against the skull to fix their heads to the monkey chair in an upright position. Chronic recordings of single neuron activities were made from the hand-arm region of the anterior bank of the intraparietal sulcus (a posterior extension of the first somatosensory cortex, SI) in twelve hemispheres, using a microelectrode technique described previously (Iwamura et al., 1993) . These monkeys were the same animals we had used for our previous reports (Iriki et al., 1996b; Iriki et al., 2001; Obayashi et al., 2000) . Thus they were trained to use rake-shaped tools (n=8) and also a video monitor (n=5) to retrieve food. Among all the neurons recorded during the previous experiments, those that had shown response to joint manipulations were collected and used in the present analyses. At the end of the experiments, electrode tracks and neuronal recording sites were reconstructed from serial histological sections. Detailed techniques for histological reconstruction have been described elsewhere (Iwamura et al., 1993) .
When clear single neuronal recordings were obtained, the body surface on which tactile stimulation induced spike discharges (somatosensory RF) was identified by palpation of the glabrous skin and/or hairy body surface using a hand-held probe or a small paint brush. In a group of neurons subjected to the present analyses, adequate somatosensory stimuli for activating them were passive manipulations (extension, flexion, or rotation) of the joint(s) of the finger, wrist, elbow, and shoulder. Some neurones could not be activated by passive somatic sensory stimulation, but were activated by active movements of the hand/arm or by active touch.
Visual response properties were studied by scanning the peri-personal space with a hand-held visual probe. A visual receptive field (visual RF) was defined as the territory in the space in which the hand-held probe made the neurons fire. The experimenter moved the probe throughout the space freely, by hand, at a speed of 0.5-1.0 m/s. The position of the probe was measured every 15-30 ms by a 3-dimensional electromagnetic tracking device (Polhemus, 3 space Fastrak, spatial resolution: 0.8 mm), whose electromagnetic transmitter was placed underneath the table in front of the monkey. The monkey's gaze direction was determined every 70-90 ms as described elsewhere (Iriki, Tanaka, & Iwamura, 1996a) . During recording of the visual responses, the monkey's hand was kept immobile on the table.
RESULTS
During 493 electrode penetrations performed for the 12 hemispheres of the nine monkeys, 6995 single neuron recordings were obtained, including 497 bimodal neurones responding to both visual stimulation and any submodality (e.g., skin, hair, joint, deep receptors) of somatosensory stimulation. Among these, 269 neurones (54.1%) responded to particular ways of "passive" displacements (extension, flexion, or rotation) of the joint(s) of the fingers, wrist, forearm, elbow, shoulder, or their combinations (Table 1A) . These are referred to as bimodal "joint neurones", and they were subjected to further analyses. As for the laterality of the somatosensory joint responses, 131 neurones (48.7%) had bilateral, 108 (40.2%) had contralateral, and 30 (11.2%) had ipsilateral RFs. Corresponding to the respective somatosensory RFs, 133 neurones (49.4%) had visual RFs covering bilateral visual hemifields, 117 (43.5%) were contralateral type, and 19 (7.1%) were ipsilateral type.
Relationships Between Directional Selectivities of Joint and Visual Movements
Among a total of 269 joint neurones, 201 (74.7%) were activated when the monkey saw an object moving in front of it in a particular direction, which matched the direction of the hand movement when the joints were displaced in their preferred direction in the "resting position". In other words, they had a "congruent" preferred direction of joint displacement and visual movement in space. Fig. 1 shows the RF properties of a bimodal joint neuron of this kind. The visual RF of the neuron in the figure was identified as a space within 30 cm in front of the monkey between the monkey's chin and its elbow (A), while its somatosensory RF was the shoulder joint (C). The directional selectivity of these RFs was the upward movement of the visual stimuli and the same upward displacement of the shoulder joint, whose quantitative properties are shown in B and D, respectively. This neuron exhibited maximal response when the probe representing the visual stimuli moved vertically upwards within its visual receptive field (Fig. 1Ba) . The response became weaker when the movement of the probe obliqued to involve smaller vertical components (Fig.  1Bb~e) . Finally, this neuron did not respond when the probe moved in any direction along the horizontal plane (Fig. 1Bf~i) . When the monkey's eyes were closed by facial mask to prevent visual information, this neuron could not be activated by any movement of the probe to produce visual stimuli, but was strongly activated by an upward displacement (made passively by the experimenter) of the shoulder joint (Fig. 1D) .
Representative RF properties of neurons having a "congruent" preferred direction of joint displacements and visual movements in space are listed in Fig. 2Aa~e . A total of 201 such neurons were recorded, and they were classified into groups as shown in Table  1B . The neurons shown in Fig. 2A(a & b) were the most commonly encountered types, with either rightward (n=71) or leftward (n=58) preferred horizontal directions. The somatosensory RFs of these neurones were any joint displacements that induced horizontal hand movements matching the preferred direction of the moving visual stimuli. The second most common types of neurones were those with preferred up-(n=30) and downward (n=16) directions of visual and joint movements (Fig. 2Ac) . Neurones that preferred back-(n=10) and forward (n=5) directions were less often encountered (Fig.  2Ad) . In neurones having bilateral joint RFs, the preferred directions of both joint and visual RFs were rarely reciprocal between both sides of the hemifield (n=9), as depicted in Fig. 2Ae . Although the preferred directions of the joint and visual RFs were not "congruent", another common characteristic of the visual RFs was approach responses (Fig. 2Af) . Fifty-two bimodal joint neurons exhibited such behavior. These neurones responded to the approach of visual stimuli toward the joint where the somatosensory RFs resided, regardless of the preferred direction of joint displacement. In a small number of neurones, the preferred directions of the joint and visual movement were either very different (Fig.  2Ag, n=3 ), or too complicated to match both directions reasonably systematically (Fig.  2Ah, n=16) .
Very rarely, in fact in only in two instances (1.0%) during the present study, were the preferred directions of neurons tuned obliquely from the 3-dimensional rectangular coordinates (Table 1B) . In all the neurons analyzed in this study, the spike discharges induced by the visual stimuli occurred independently of the gaze direction. Fig. 2Ai illustrates the recording sites of representative neurones. The neurones were recorded from the anterior bank of the intraparietal sulcus posterior to the hand-arm region of the postcentral somatosensory area. No clear laminae bias could be identified.
Recalibrating Posture-Dependent Hand Movements Into Visual Space
Of the 201 bimodal joint neurones with congruent visual and preferred joint directions, 44 neurones were subjected to further analysis. Their RF properties were reexamined after the posture of the forearm had been rotated (supinated from the resting position by 180°) so that the direction of the joint displacements became inverted in the external visual coordinate space.
When the forearm posture was altered, 19 (43.2%) neurones changed in such an inverse manner that the preferred direction of the joints could match that of the constant visual axes (Fig. 2Ba) . In this type of neuron, adequate stimulus to induce a visual response was the movement of the visual target from left to right within the left visual hemifield (thick arrow and shaded area of the left drawing in Fig. 2Ba ). These neurones also responded to the displacements of multiple joints (shoulder, elbow, and wrist) of the left arm as indicated by the circles around the respective joints in the left drawing. The preferred direction of displacement of the shoulder joint was that of medial rotation, making the whole forearm move rightward in the visual space at any forearm posture, while the preferred directions of the elbow and wrist joint displacements were posture-dependent. That is to say, that of the elbow was extension at an over-supinated posture but flexion at an intermediate resting posture, and that of the wrist was abduction at a pronated posture but adduction at a supinated posture. In all of the above situations, the displacements of a given joint in the resultant preferred directions at the current posture made the hand move in space in the preferred direction of the visual RF of the same neuron. The above characteristics were confirmed by the quantitative analysis of another neuron that fired visually (Fig. 3A, right graph) only when the stimuli (line) moved in a leftward direction within the space of about 30 cm around the lower left hemifield in front of the monkey (Fig. 3A, left drawing) . Fig. 3B(a & b) show that the preferred direction of the wrist joint displacement became inverted when the forearm posture was rotated (left drawings) by correlating with the graphs on the right showing evoked spike discharges and movement of the fingertips in space (lines). Thus, somatosensory response properties of these neurones were re-calibrated in terms of the direction of the hand movement in space to match the visual response properties, namely in a "visual-dominant" manner.
Remapping Visual Space to Match Motion-Coded Intrinsic Coordinates
In contrast to the characteristics described above, although very rarely, three neurones from three hemispheres exhibited re-calibration not in a visual-but, conversely, in a "somatosensory-dominant" manner, as illustrated in Fig. 2Bb . In these neurones, the somatosensory RFs were bilateral wrists and metacarpophalangeal joint flexion of 2-5 digits, while the visual RF was the vertical movement within the space around the bilateral hands. The peculiar characteristic of this neuron was that the preferred direction of wrist displacement was always determined by "flexion" at any posture, but the preferred direction of the visual RF always changed. That is, when the wrist was at a pronated posture, the direction of the hand movement in space as a result of flexion of the wrist was "downward" and, accordingly, the preferred direction of the visual stimuli was also "downward" in the space; when the wrist was at a supinated posture, the direction of the hand movement in space as a result of flexion of the wrist was "upward" and, accordingly, the preferred direction of the visual stimuli was a congruent "upward" in space. In other neurones with similar properties, somatosensory RFs included joints from wrist to elbow. Thus, the visual response properties of these neurones depended on the direction of the hand movement in space, suggesting that these neurones reflect the monkeys' mental processes to delineate the characteristics of extrinsic space through their intrinsic forearm actions.
DISCUSSION
Bimodal Joint-Neurons in the Intraparietal Cortices
Intraparietal sulcus (IPS) areas of the parietal cortex in monkeys have been extensively mapped, and several distinct areas have been revealed. Among these, banks and funds of the IPS including medial-(MIP), ventral-(VIP), and anterior-intraparietal (AIP) areas, and the anterior sector of area 7b located around the lateralmost part of the IPS are accredited as one of the sites of visuo-somatosensory integration. A number of neurones with both somatosensory and visual receptive fields were identified (for review see Hyvärinen & Poranen, 1974) . However, evidence concerning the integration of information in regard to forearm joint displacements and spatial motion directions has been oddly lacking in earlier reports as follows. In the MIP area, most neurons are sensitive to joint rotations and are best activated during active reaching and pointing movements, but their visual responses are not frequent or brisk, and they are usually not direction-selective. In the VIP area, the visual and somatosensory responses of neurons are often direction-selective, but they appreciate mostly tactile input from the face, while information from upper limbs (or joints) is rarely effective Duhamel et al., 1991 Duhamel et al., , 1998 . AIP-area neurones are emphasized as hand-shape coding, and they are less sensitive to somatosensory input than to visual input (Murata, Gallese, Kaseda, & Sakata, 1996; Sakata, Taira, Kusunoki, Murata, & Tanaka, 1997; Sakata, Taira, Murata, & Mine, 1995; Taira, Mine, Georgopoulos, Murata, & Sakata, 1990) . In area 7b, the bimodal neuron receptive fields are often large and complex. The brain area investigated in the present study was laterally adjacent to the MIP (more or less overlapping boundaries) and superficially adjacent to the VIP within the medial bank of the IPS, vis-à-vis AIP. Unexpectedly, this area has not been studied extensively for visual properties, probably because it has been believed to be somatosensory-dominant, with relatively inconspicuous visual properties (Iwamura et al., 1993) . Therefore, the present article is the first attempt to systematically describe the receptive field properties of IPS bimodal neurons driven by both joint displacements of the forearm and visual stimuli moving in particularly correlative directions.
It must be pointed out that for the monkeys employed in the present series of experiments, the visual properties seemed to have been reinforced by their training history, which necessitated rather higher cognitive visuo-motor experimental paradigms (Iriki et al., 1996b; Iriki et al., 2001; Obayashi et al., 2000) . Therefore, this study might have revealed an essential function of this area, which has been normally obscured or reserved in most naive monkeys used in earlier series of experiments.
What is the essential function of these bimodal joint neurons in primate behaviors? One obvious possibility would be that these properties also participate in the planning and performing of purposefully coordinated goal-directed hand movements in space, as has been repeatedly discussed earlier (Andersen, Snyder, Bradley, & King, 1997) . In order to execute such actions, the brain must conduct the implementation of the starting and ending points, and the coincident paths of motions in both extrinsic and intrinsic coordinate frames need to be translated to match each other. The neuronal properties of the IPS (Iriki et al., 1996b; Iriki et al., 2001; Obayashi et al., 2000 ; including the present report) would meet such requisite, and the IPS is likely to feed the ventral premotor cortex showing similar bimodal properties (Graziano & Gross, 1998; Rizzolatti et al., 1997) through their apparent interconnections (Rizzolatti, Luppino, & Matelli, 1998) . In the present study, about half of the bimodal parietal joint neurones showed similar properties, strongly suggesting that they are the most likely candidate for the source of feeding the premotor cortex with this information (Rizzolatti et al., 1998) . The above scheme of information processing would contribute directly to the planning of a concrete goal-directed path of action in space. Hence, in order to implement body motions in space, their "static" spatial information including location (at the beginning and end of the motion), configuration (of the body and its trajectory along the executed motion), and their combination could properly manifest the kinematics of the motion in space, rather than the agglomerated perception of fragmental pieces of "movements" themselves. Indeed, most previous studies have emphasized this "static" information (Colby et al., 1993; Fogassi et al., 1996; Graziano & Gross 1993; Graziano, Yap, & Gross, 1994; Leinonen et al., 1979; Leinonen & Nyman, 1979; Rizzolatti, Scandolara, Massimo, & Gentilucci, 1981) . Representative visual responses are of the approach-type, whose receptive field can code the location of body parts in space, anchoring to tactile receptive fields of the corresponding body parts regardless of posture. These visual responses pertaining to "static" type of information were less frequent in the present study, indicating that these joint neurones are more closely related to the perception of motion per se than to the overall gestalt of action in space. Hence, joint neurons are not simply related to decision-making on goal-directed movement in space but rather are expected to have a broader function, as will be described below.
Bidirectional Interaction Between Intrinsic and Extrinsic Reference Frames
Association between joint displacements and resultant motions in extrinsic spatial coordinates has been shown to be present in neuronal activities recorded from motor cortices (Rizzolatti et al., 1981) . However, this evidence has raised the attention-related problem of whether movements are implemented in extrinsic or intrinsic coordinates in these areas. So far, a widely accepted picture from the viewpoint of motor production has been that motions are executed by neural commands described in intrinsic coordinates (ie., in muscles and joints) in the lower motor-related structures within the CNS, which are gradually "translated" from the introspective images of motions planned and coded in the extrinsic space (for review see Head & Holmes, 1911) .
Recent studies by Strick (1999, 2001 ) confirmed this picture, as they demonstrated by finding more neurons in the premotor cortex than in the primary motor cortex that motions in space could be coded in extrinsic coordinates, and intrinsic representation could be recalibrated to maintain congruency with the current status of the arm posture.
In addition to the properties of bimodal neurons described above, the most interesting findings of the present study are those regarding the plasticity of the brain, which has not been reported before. That is, we observed the existence of "somatosensory-dominant" bimodal neurons, in which the preferred visual (extrinsic) direction changed depending on the alternation of the posture defining the mode of intrinsic coordinates. This phenomenon is not a requisite for creation of the goal-directed action in space, but quite the opposite, a rudiment for the perception of the gestalt of space to be implemented by the intrinsic coordinate frameworks. Therefore, information processing in this brain area seems to map the surrounding environmental space by manipulating the intrinsic mental space grounded to our body-parts, rather than merely coding movements in extrinsic space. In other words, this area would handle not just the spatial representation of actions, but also the understanding of space through actions. The latter function would call for more intentional requirements by the brain than just passively calibrate internal states to external situations to actively delineate structural characteristics of intimately planned and executed motions. In this way, linkage of extrinsic space and intrinsic body might emerge through the perception of actions in monkeys.
Finally, it appears reasonable that the present intraparietal area is the site of such demanding brain functions described above from our previous series of studies, and never have been extensively studied before otherwise, as follows. In this intraparietal area, which has been rather ignored before, we have shown bimodal neurons to code intentionally modified image of the body when using tools as assimilated body parts, in extensively trained monkeys (Iriki et al., 1996b) . The present report is obtained from the group of the same monkeys and from the same brain area. Thus, it could be likely to assume that small in number of above cells are because that these animals are still at a stage of exhibiting evolutionary precursors in monkeys. So, we would assume that if monkeys were further uplifted under "attended or concentrated" and "instructively reinforced" conditions, which might not happen in naive inhabitants, this brain area of monkeys could subserve such higher cognitive functions as concept formation, categorization of symbol manipulation, which eventually become sophisticated in highly evolved primates, us the humans.
